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ABSTRACT 
A computer simulation of a PUMA 560 industrial robot arm has been 
developed to provide a capability to readily study the dynamic response of the 
robot arm to various contr.ol techniques and algorithms. The motivation being 
the flexibility of performing such studies in a software environment rather than 
through hardware modification. 
The primary goal of the work presented here was to develop the initial 
dynamic model of the robot arm, including a representation of the currently 
used control technique for the robot and to validate the model by comparing 
.. 
the simulation results to actual measured motion data in the form of time 
profiles of the joint displacement, velocity and acceleration and the associated 
I 
driving torques. The dynamic model is based upon the Newton-Euler recursive 
algorithm as developed by Luh, Walker and Paul [2] using the Denavit-
Hartenberg concepts of link-attached coordinate systems and matrix 
transformation techniques to develop the system equations of motion. The 
simulation was implemented in the Fortran language using an existing software 
package DSS/2 [11] to integrate the equations of motion on a Cyber 850 
.. mainframe computer. The joint displacements, velocities, accelerations and 
driving torques are tabulated and plotted for various individual joint motions. 
The analysis of the simulation results shows some agreement with the 
actual measured response, ho~ever due to limited available information on the 
internal workings of the PlTMA robot and the structure of the numerical 
integration ~oftware used the development of a completely detailed, accurate 
model of the robot was n·ot possible. However with further work these 
shortcomings could be overco.me. 
I . ' 
1 
• 
• 
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i- t 
· 1.1 Background 
Chapter 1 
INTRODUCTION 
The primary use for robot manipulators in industry at the pr,esent time is 
to provide accurate, repeatable positioning for objects or tools for assembly or 
machining. While the use of robots can free the human laborer from 
performing monotonous, unskilled or hazardous tasks, the additional advantages 
of speed, efficiency, flexibility and predictable performance make the industrial 
robot a cost effective means to achieve increased productivity. However in 
order to realize the maximum benefit from robotic automation it is necessary to 
optimize both the design choic_e and control implementation of the manipulator. 
While the development of compact, high speed digital computers for the 
direct control of machines made the robotic manipulator a practical reality, 
creating a revolution in the manufacturing industries, the use of computers for 
, 
complex system simulation is enhancing the design and development of new 
machines and systems of machineJ. 
As the use of computers for the direct control of manipulators continues to 
l 
be a major field of development in the robotics manufacturing industry, the 
application of computers to the design, evaluation and implementation of robots 
' 
and multi-robot systems is just beginning to emerge through computer aided 
design, systems simulation and computer aided manufacturing. For robot 
' manipulators in particular, such a capability allows for the selection of optimal 
structural configurations and control techniques before the first manipulator is 
even manufactured. From a systems viewpoint the use of simulations provides 
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the capability _ to perform off-line programm'ing and optimized scheduling of tasks 
. ' 
for maximum system performance and efficiency. 
Although robotic manipulators have existed for about two decades, on]y 
.. 
• 
recently has serious practical work been undertaken to make use of computer 
simulations to study the. design, control and implementation problems associated_ 
with robotic manipulators. The motivation for such work as part of a rebirth 
of manufacturing science has been the perceived threat to the traditional 
manufacturing industries from lower cost, higher quality competition. A major 
portion of the foundation for these developments lies in the capability to create 
valid simulations of the dynamic characteristics of the machines and control 
systems involved. This paper will describe a small portion of the work required 
to begin the development of a customized robotics system simulation. 
1. 2 Statement of Problem 
The subject o'f this thesis is the development of a computer simulation of 
the dynamics of the PUMA 560 industrial robot (Fig. 1-1). The purpose of the 
simulation is to · generate reasonably accurate estimates of the dynamic motion 
variables ( displacement, velocity and acceleration) for each joint with respect to 
time. 
The simulation wilJ require the definition of the equations of motion of the 
arm, specifically the individual links, and must include as many ph'ysical 
parameters as possible that could contribute to the behavior of the model. 
Such parameters would include the link geometries and arrangement, the mass 
of each link, its inertia and center of mass. In addition all significant dynamic 
interactions between the moving links and the environment, such as friction and 
gravity, must also be included. To complete the system simulation a model of 
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the current control system must be included in otder to faithfully represent the 
behavior of the robot's closed loop system. 
1.3 Problem A~proach 
The requirement for the simulation of any dynamic system is the • main 
development of representative equations of motion of the system. The 
development of the equations of motion for a mechanical system such as a robot 
manipulator requires consideration of both the geometric properties of motion 
·~- . 
(kinematics) and the forces and moments which cause the motion (kinetics) . 
•. 
A review of the published material available "On the topic of manipulator 
kinematics and dynamics revealed that nearly all of the directly relevant papers 
had been published within the last five to ten years. Within this period two 
basic approaches to the problem of manipulator dynamics have been dominant; 
the Lagrange formulation and the Newton-Euler technique. In · both cases the 
kinematic portion of th.e problem was based upon the Denavit- Hartenberg [1] 
notation for mechanisms and algorithms were available to develop the 
generalized equations of motion of a robotic manipulator. The selection of a 
formulation for the simulation would depend on the ease of its implementation 
in a software environment as well as the expected performance of the algorithm 
for the purposes of control or simulation. 
" 
Upon selection of an appropriate formulation, all the necessary physical 
and system specifications· of the PUMA robot and its motion control system 
would have to be acquired and incorporated into the simulation. From the 
· 1 • 
selected dynamic formulation it would be possible to derive the equations of 
motion and solve them to produce simulated motion data. To evaluate the 
performance of the simulation the calculated response could be compared to 
5 
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measured actual motions of the PUMA robot available fro-m a previous study. 
1.4 Organization of the Thesis 
The remainder of this paper is organized to provide a sufficient description 
of the development of the simulation in order to give the reader a knowledge of 
the PUMA model and the general background to understand its implementation . 
• 
Chapter 2 provides the general theoretical background covering general 
definitions for a manipulator's structure and an overvjew of the kinematic and 
kinetic analysis background for the dynamics formulations. 
' 
Chapter 3 details the specifi_cs of the PUMA simulation including the 
robots physical specifications and control system as well as the details of the 
modeling algorithm and the overall structure of the simulation. 
Chapter 4 concentrates on the results of the tests of the simulation and 
discussion of those results. 
Chapter 5 presents relevant conclusions and suggestions for improvement of 
the simulation as well as potential applications. 
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~ -i Chapter 2 
THEORETICAL BACKGROUND 
2.1 Ge:µeral Manipulator Description 
' Conceptually, the industrial manipulator in use today is described as a 
collection of rjgid bodies or links connected in series by revolute (rotating) or 
prismatic ( sliding) joints beginning with a stationary supporting base and ending 
with a free end holding the end effector or working tool [3]. The relative 
motion of two adjacent links connected b y a joint defines the motion of that 
joint, which represents- one degree of freedom for the manipulator. The 
direction and magnitude of the motion between the links along (prismatic joint) 
or about (revo]ute joint) the joint axis determines the joint displacement. As a 
result the relative motion of adjacent links can be represented by a single,· 
independent variable termed the joint displacement variable. The collected set 
of joint displacement variables representing all the joints of the manipulator, a 
vector in joint space, describes the unique spatial configuration of the 
manipulator. 
The total absolute motion of an individual link is determined by the 
combined motions of all the previous joint/links in the chain. To provide a 
measure of absolute position and orientation for any particular link all motions 
are described with respect to a fixed reference frame, called the world coordinate 
system. (Fig. 2-l) This applies particularly to the end effector of the 
manipulator as it is its spatial relationship (position and orientation) with 
respect to sorr1e known target position in the reference frame that is of prime 
importance to the manipulators function. 
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r The articulate action of . a ' robot can , be separated into two - levels of 
positioning or manipulation; an <lrm segment and ·a wrist segment [3). For the 
PUMA robot, a. six degree of freedom,. revolute joint manipulator, the arm 
. ·• 
segments ( waist, shoulder and elbow) provide three degrees of freedom to. 
position the wrist segment or end effector near the target or workpiece. (Fig. 
2-2) The wrist segments (wrist rotation, wris~hend and end plate rotation) 
• 
provide an additional three degrees of fr~edom to give the desired end effector 
orientation (roll, pitch and yaw) with respect to the workpiece. These levels of 
manipulation are also referred to as gross and fine motion control, respectively. 
[8] 
. . . 
2.2 Ki11ematics 
The study of . manipulator kinematics is concerned with the geometry of 
the manipulators motion in 3-D space, as a function of time, regardless. of the 
forces and moments that are required to cause the motion. The geometry of 
.. 
the robot in 3-D space is generally referred to as its spatial configuration which 
is determined by the instantaneous displacements of the robot's joints. Since 
.• 
each joint displacement value represents one degree of freedom of the arm they 
make up the ,independent variables describing the robots motion as a vector in r 
joint space. 
There are two types of kinematic problem associated with manipulator 
motion; the direct (forward) problem and the inverse (arm solution) problem. 
The direct problern concerns the determina.tion of the position and orientation of 
the end effector in the reference .frame for a set of known joint displacement 
values. 
., 
The inverse problem requires the determination of a set of joint 
displacement values (a solution vector in joint space) that achieves a specified 
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end. 1effector position and orientation in the reference frame. While the direct 
problem solution is relatively straightforward, the solution to the • inverse 
problem is not unique, if it exists at all, and usually requires an iterative or 
geometric technique to converge to a particular solution. 
Because a given manipulator task or target position is generally specified 
in the cartesian coordinates of the world coordinate system, while the robot is 
---
controlied in joint space, the inverse problem solution is sought more frequently 
in computer based manipulators [3]. This is usually the basis of the task or 
trajectory planning function. On the other hand, the solution to the direct 
problem, which defines the of motion between the links, provides the necessary 
information from which the equations of motion can be derived [3]. 
2.3 De11avit-Hartenberg Notation 
Since the development of the first practical manipulators nearly all studies 
of the direct kinematics problem of articulated motion have been based upon 
the concepts devised by J. Denavit and R. S. Harten berg [1 J. The primary 
motivation for their work was to -provide a generalized technique for the 
systematic description of the complex motion of closed-loop chains of rigid 
bodies. Specifically, they wanted to develop a symbolic notation to describe the 
kinematics of mechanisms in terms of equations for the purposes of analysis and 
design. The mechanisms of interest were generic in nature, consisting of simple 
rigid bodies or links connected by any of six different types of lower-pair 
rnechanisms or joints. TV\10 of the joint types, the revolute pair and the 
prismatic pair, are common in nearly all industrial robots in use today. 
By fixing coordinate systems to each link of the mechanism, coinciding 
with each joint axis, the spatial relationships between the links could be 
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described by a set of four parameters related to the geometric structure of the 
links and the type of joint connecting the links. (Fig. 2-3) Using these 
parameters, a set of homogeneous transform~on matrices describing the 
, . 
rotational or translational relationship between the adjacent coordinate systems 
could be derived. Through successive multiplication of these matrices the 
kinematic relationship between any two links could be determined. The result 
is that the kinematic properties of the chain could be represented symbolically 
in terms of equations. 
Since a manipulator is essentially an open--loop chain of rigid bodies (links) 
connected by revolute or prismatic joints the Denavit-Hartenberg conventions 
• 
'.I 
can be used to assign fixed coordinate systems to each link of the manipulator. 
It is then possible to develop a description of the kinematics of any link of the 
manipulator with respect to any other. Of particular interest for the direct 
kinematics problem is the relationship of the end effector, link ( n), with respect 
to the base (reference). coordinate system, link (0). A set of general rules has 
been devised [3] to apply the· Denavit-Hartenberg conventions to manipulators. 
The links are numbered beginning with the supporting base as link(O) and 
continuing outward to the end effector as link(n). Each joint, i, defined by the 
i 
connection between two adjacent links, i and i~l (Fig. 2-3) provides one degree 
of freedom for the manipulator. A manipulator with n joints then has n 
degrees of freedom and n+ 1 links. If joint(i) is a revolute joint the motion of 
link(i) about the joint is created by a torque at the joint. For a prismatic 
joint a force creates the motion along the joint axis. 
Next a coordinate system, i, is attached to each link(i) with a fixed 
location and orientation with respect to the link. The location and orientation 
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are established on the basis of three rules [3]; 
\\ 
1) The zi axis is aligned with the· axis of joint i+ l. 
2) The xi axis is normal to the zi axis and pointing 
away from it, along link(i) and toward link(i+l). 
3) The y i axis is oriented at the intersection of the zi and 
x. axes to complete a right hand coordinate system. I 
Because the coordinate system for link (0), the supporting base, is a fixed 
frame ( the reference frame) it can be located anywhere within the supporting 
.T .. 
base as long as the z0 axis is aligned with the axis of motion of joint 1. [3] In 
addition the last coordinate frame, n, for the end effector; link (n), can be placed 
at any location in the robot's hand as long as the x0 axis is _perpendicular to 
the z0 _1 axis. [3] 
Because the links are rigid bodies and the joint axes are defined by the 
connection of the link_s, the spatial relationship between adjacent joint axes is 
defined by the geometry of the interconnecting link. The geometry of link(i) is 
defined by two basic parameters; the link length ai and the twist angle o:i 
defined as follows: 
The length ai is measured by the shortest distance 
along a common normal between the joint axes zi-l and 
zi and is always positive. 
The twist angle C\ is the angle between the joint 
axes zi-l and zi' measured in a plane perpendicular 
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I : I 
Since these parameters describe the configuration of a rigid body they ar~ 
fixed constants for a given link for all types of joint connections. 
In order to describe the kinematics of the manipulator motion the relative 
orientation and position between adjacent links must be defined. The 
orientation and position of two adjacent links i,.1 and i connected by joint(i) 
can be described by two parameters; the joint angle ei and the joint offset di 
defined as follows: 
The joint angle e. is the angle about I 
the zi axis between the two normals, one for each link, 
represented by the xi and xi-l axes from link(i-1) to 
link(i} in a right hand sense about the zi axis. 
The j-oint offset di is the distance between the normals 
of the links i-1 and i measured along the joint(i) axis, zi. 
Since each of these parameters describes some type of displacement with 
respect to a joint one of them will be the joint variable of motion depending on 
the type of joint involved. For a revolute joint the joint angle 0. is the joint I 
variable while the joint offset is constant. The roles are reversed for a 
prismatic joint. 
The _four parameters described (a., o:., 0., d.) along with a consistent sign l I l I - . 
convention provide a sufficient set of parameters to describe the spatial 
relationship between adjacent links and the complete configuration of the 
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manipulator [3). The spatial relationship between adjacent links can now be 
defined quantitatively by the relationship between the attached coordinate 
' frames of each link. This relationship is composed of a rotational component 
and -a tr~nslational component. The rotational component between the i-1 and i 
coordinate systems is specified by the direction cosine matrix A\_1; 
cosO. -cosa.sinO. sina.sinO. 
I I I I I 
. 
A1. i sinO. cosa.cosO. -sina.cosO. 
I- I I I I I 
0 • s1na. cos a. 
I I 
~ 
which defines the orientation of t.he link(i) coordinate system with respect to the 
,. 
link(i-1) coordinate system. Through successive multiplication of these matrices 
the orientation of any link(i) with respect to the reference coordinate system, 
link(O), can be defined; 
~:,, . 
A 1=A1*A2*A.3* *Ai 0 0 1 2 ... i-1 
To describe the traris]ation between adjacent coordinate systems we need 
only describe the relative positions of the origins of the two coordinate systems 
in terms of the link geometry parameters. To describe the displacement of the 
ith coordinate frame with respect to the i-1 th coordinate frame in terms of the 
it~ frame we have 
a. 
I 
* cl.sin p. a. 
I I 1 
cl.cos a. 
1 I 
·\' . 
Together the rot'ational and translational components make up a homogeneous 
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transformation that completely describe the spatial relationship between adjacent 
coordinate systems. 
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2.4 Dyna1nics 
The motivation for studying manipulator dynamics are three-fold; 
-to develop accurate control techniques 
-to evaluate the performance of various manipulator 
structures and configurations 
.,to develop realistic simulations of manipulator motion. 
In all cases the main problem is .the development of valid models of the 
dynamics of the system. For a general n joint manipulator the basic form of 
the equations of motion is [2]; 
where 
J(q)q + Vq + f(qiqj; ij~l,2, ... n) + g(q) 
J -: matrix of inertia terms 
V = matrix of viscous friction terms 
f = vector of coriolis and centrifugal force 
terms 
g -,- vector of gravity loading terms 
r -, vector of input force/torque terms 
T (1) 
Equation ( 1) can be a highly non-linear, non-autonomous system. The 
reasons for this are that the inertia and gravity terms are directly dependent on 
the spatial configuration of the manipulator links while the contributions of the 
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coriolis and centrifugal terms· depend on products of joint velocities. In addition 
the interaction of the robot with its environment introduces unknown and/ or 
variable loads into the system. 
Since such a system is difficult to control most current research has 
concentrated · on the development of dynamic equations suitable for use as· 
control algorithms to improve the level of performance arid response of 
manipulators. 
The general approach for controlling such a system is· to compute the 
necessary driving forces or torques based on a dynamic model of the system to 
drive the joints of the manipulator in an appropriate manner to achieve the 
desired response. The main problem however has been the formulation of 
equations of motion of the form of (1) that could be executed repeatedly in 
real-time as part of an on-line control algorithm. 
Among the techniques available for developing dynamic models the 
Newton-Euler and the Lagrange-Euler formulations have been the most widely 
used. The Newton-Euler technique develops the equations of motion through a 
set of forward and backward recursive equations that are applied to each link of 
. i 
the manipulator sequentially to compute the required driving forces or torques 
to achieve a set of specified joint displacements, velocities and accelerations. 
The forward recursion propagates the kinematic information from the bas~ to 
the end effector while the backward recursion calculates the corresponding forces 
and moments exerted on each link [3].. The important advantage of this 
-
technique is that the recursive nature of the formulation and the fact that it is 
based on simple vector and matrix operations make it attractive for 
implementing simple real-time control of the manipulator in joint variable space. 
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In contrast, the Lagrange-Euler formulation which develops explicit state 
variable equations of motion based on the Lagrangian function (L=K.E.-P.E,.) 
relies heavily on the use of homogeneous transformation matrices to. evaluate the 
kinetic and potential energies of the moving links. While the form of the 
equat.ions developed are useful for the design and analysis of joint variable space 
control techniques [3] the disadvantage is that the required tomputation time is 
of the order of the cube of the number of links, making it impractical for use 
as a real-time control algorithm. While significant improvements· hav~ recently 
/ 
· been made to the Lagrange-Euler formulation [8] to reduce the computation 
time -the Newton-Euler technique continues to be the most efficient. This aspect 
of efficiency is also important to practical implementation of real-time 
simulations for off-line well as basic • programming and task planning as 
manipulator design. 
2.5 Newton-Euler Formulation 
The approach of the basic Newton-Euler technique for deriving the 
equations of motion is based on d 'Alembert's principle, Newton's equation, 
Euler's equation and a set of kinematic equations relating the motion of the 
' 
manipulators links with respect to a reference coordinate frame. The kinematic 
equations are based on the concept of link-attached coordinate frames, using the 
Denavit-Hartenberg conventions, and the relationships between moving_ coordinate 
syste·ms. The derived equations [2] describe the translational and rotational 
rnotion ( velocity and acceleration) of link attached coordinate systems with 
0 
respect to a fixed reference system. When· applied to the links seque.ntially from 
the stationary base outward the result is a set of forward recursive equations 
that propagate the linear .and angular velocity and acceleration of each link 
19 
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from the base to the end effector. 
To account for the necessary external driving forces and torques which 
J 
cause the motion as weU as the~ forces of interaction between the Jinks, 
d 'Alembert's principle is applied to each link using . Newton's eqµation for 
translational motions and Euler's equation for rotatioria] motions. When the 
equations are applied sequentially to the links from the end effector to the 
stationary base a set of backward recursive equations are developed that 
propagate the effects of forces and moments exerted on each link, beginning 
with any external loading on the end effector~ 
The main disadvantage of the original Newton-Euler formulation is that all 
the link specific geometric and physical parameters such as moment of inertia, 
center of mass, link length and j~°'i'nt offsets that describe the relationships 
between the link attached coordinate systems must be determined with respect 
to the reference coordinate system. As the links move all these parameters 
change with time further complicating the recursive algorithm [2). 
The modified Newton-Euler formulation developed by Luh, Walker and 
Paul [2J avoids the complication by referencing all velocities, accelerations, 
inertias, centers of mass, and forces or moments to the link-attached coordinate 
systems. The modification is accomplished through the use of rotational 
transformation matrices• based on the Denavit-Hartenberg conventions that 
describe the relationship between each link attached coordinate system and the 
other link systems, including the reference coordinate system. The advantages 
gained are a reduction in the required cornputation time to a level directly 
proportional to the number of joints of the manipulator and the elimination of 
dependence of the parameters on the spatial configuration of the .. tnainpulator. 
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The modified Newton-Euler equations are as follows [2]; where an equation with 
two right-hand-sides occurs the (R) indicates the the one to be used when joint 
i+ 1 is revolute and (T) for when joint i+ 1 is translational (prismatic); 
Forward equations 
(R) 
(R) 
(3) 
(T) 
(5) 
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(6) 
(7) 
' (8) 
(Ai+ 1 °Ji+ 1Ai+ 1 o) (Ai+I o;i+ 1) + (Ai+ 1 °wi+I )x [ ( Ai+ 1 ° Ji+ 1Ai+I o) 
(Ai+l 0wi+l)) 
• 
Backward equations 
( 11) 
(12) 
. .. 
' 
A.0n. 
r. 
1 
I 1 
"· ·----. -· .... -·-
-
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where 
Ai+ 1 ... -= SI0 nO i - i+ 1 
0 
0 
0 0 * A .p. ] ] 
1 
a. 
] 
d.sina:. 
I I 
d.coso:. 
l 
' . 
• 
Th\ general computational algorithm for applying the equations is [2]; 
l) Set constants: 
n = number of joints (n+l links) 
• 0.0; 0.0 WO WO - VO - \ - -
0.0 motion of stationary 
• 0.0 m/s2 base • include effects VO VO - g to -
9.81 of gravity 
• . • Oj ·' 
2) Define joint variables q.,q.,q. for joint 1 
I I I 
1 ,2,3, ... ,n 
q. e. for rotational joint 
I I 
d. for prismatic joint 
I 
• 
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3) Define link specific variables 
i, F., N., f., n., r. 
l l l l l 
Algorithm: 
Step O· • Set i=l 
Step 1: Compute A.0w., 0 • 0 A. w.,A. v ., l l l I I l 
• 
Step 2: Compute O" A. v. l . l 
Step 3: Compute A.°F ., A.0N. l l l I 
Step 4: If i - n continue -
else set i -'-- i +1 
return to Step 1 
0 · 0 Step 5: Compute A. f.. A. n. with 
I I ' l I 
, 
o' A. v. 
l l 
externally applied force and moment on the end 
effector (link n) 
• 
Step 6: Compute r. 
l 
Step 7: If i = 1 stop 
else set i = i-1 
return to Step 5 
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2.6 Equations of Motion 
Nearly all of the techniq,ues currently available for studying manipulator 
dynamics were originally developed as numerical algorithms for the purpose of ·· 
reaY..ime control of manipulators. That is, given the desired displacements, 
velocities and· accelerations of the joints the appropriate driving torques or forces 
are calculated to achieve that motim) It appears from the published papers 
that a significant amount of effort has been expended to improve the 
performance and efficiency of these algorithms. 
However if the same algorithm is implemented symbolically in terms of the 
• • •• joint variables ( Oi), their derivatives ( Oi, Oi) and the driving torques or forces ( ri) 
the result is a set of closed form symbolic equations of motion [9] of the form 
.. , 
.. .. ~ 
r = J(e) o + B(o) [oo] + C(o)[e2] + G(o) (13) 
where 
J = inertia matrix 
B matrix of coriolis coefficients 
C matrix of centrifugal coefficients 
G vector of gravity force terms 
This form of the equation of motion is called the configuration space 
equation "' since the matrices are dependent only on the position of the 
manipulators joints [9J. This is an irnportant advantage for -~plications in 
manipulator control where the calculations must be performed repeatedly as the 
manipulator moves since only those portions of the equations that depend on 
the configuration must be recalculated. As a result the algorithm becomes even 
more computationally efficient. In addition if the algorithm is written for a 
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specific manipulator, eliminating non-essential terms, the efficiency is further 
< 
· improved, at the expense of universality of course. In fact some recent studies 
\ 
have indicated that the closed form solution provides an improvement in 
' 
computational efficiency of up to 50% over the iterative approach [7]. For the 
purposes of simulation this equation (2} can readily be used as a model of the 
manipulators dynamics by rearranging the equation and solving for the joint 
accelerations [9] 
;; = J"1(e)[r B(O)[BO] C(o)[e2] - G(O)J. (14) 
If a set of initial conditions and driving functions are provided the equations 
can be numerically integrated forward in time to sirrtulate the motion of the 
manipulator through calculated joint velocities . and displacements. Unfortunately 
the development of the closed form equations through symbolic manipulation 
requires a significant amount of manual derivation for ftlanipulators of more 
than two joibts or links. While the use of recent developments in symbolic 
manipulation software would reduce the manual· burden consi_derably, a manual 
derivation can be instructive to understanding the basic components of the 
manipulator kinetics and kinematics and their contributions to the equations of 
motion of the i:;ystem. 
,$. 
-
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Chapter 3 ... 
MODEL IMPLEMENTATION 
3.1 PUMA 560 Industrial Robot 
The chosen object of study for the simulation is the U
nimation PUMA 
model 560 industrial robot (Fig. 1-1). It is a six deg
ree of freedom articulated 
manipulator arm with revolute joints. The working 
specifications for the 
manipulator and the individual joints are shown in Fig. 
3-1. Figure 2-1 shows 
the world coordinate system used as a re
ference frame by the manipulators 
control sytem. 
3. 2 PUMA Model Specification 
The first step in the development of the mo
del is the definition of the link 
and joint indices and the selection of the link-attached c
oordinate systems. For 
the PUMA, the links have been numbered star
ting with the trunk (stationary 
base) as link(O) (Fig. 3-2) and ending with the wris
t as link(4) and the end 
effector and load combined as link(5). · For sim
plicity of derivation this 
simulation does not include wrist or tool ro
tation, reducing the total number of 
joints to four. As a result the simulation is only capa
ble of representing the 
position of the end effector in the worl
d coordinate system and not its 
orientation. Fallowing the rules for the 
selection of link attached coordinate 
systems and for consistency with the PU
MA's coordinate specifications the 
location and orientation of the link(O) coordinat
e system ( the reference 
coordinate system) will coincide with the PUMA worl
d coordinate system. The 
remaining coordinate systems are each selec
ted with their origins located along 
the geometric centerline of their respective l
inks and the z ax~s aligned with the 
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550/560 Series Arm Specifications 
. 
JOINT Working 
Range, r (deg.) 
Waist, JT1 5.59 (320) 
ShouldM, JT2 4.72 (251)) 
Elbow, JT3 4.72 (270) 
Wrist Rotation, JT4 
(Optional) ' 4.89 (280) 
Wrtst Bend, JT5 3.49 (200) 
~ 
Flange 
Rotation, JTS 9.29 (532) 
Note: 
This region Is 
attainable by robot 
In lefty configuration. 
Max. Slew Rnotutlon Max. Stall, 
Sl)ffd, ris rtbtt N-m (in-lb) 
1.4 1.00 X 10-' 67 (590) 
0.9 0.73 X 10-4 113(1000) 
2.1 1.17 X 10-4 57 (500) 
4.0 0.83x 10-• 14 (120) 
2.1 0.87 X 10-4 12(110) 
~ 
7.9 o.s·2 i 10-• 14(120) 
v 
' . 
0.15 m dla. 
. (5.9 In) 
cyllnder not aeceulble -+---i 
0.86m 
(34.1) 
to wrlat t. 
0.92 m 
(36.3 In) 
' 
to hand mountlnv 
flange 
-• 
-
• E 
0.43 m radius 
(17.0 rn. l 
elbow to wrist l swing 
5.----------------------. 
4 
3 
Note: Cycle time Is for full cycle 
(A-B-A) 
Time Includes 0.1 !I for toot 
actuation at both A & B 
j::: 2 
.,._ ___ d ____ __.,. 
1 
0.1m l 
I 
I 
I 
A 
I 
I 
I 
I 
I 
I 
B 
0.25 0.50 0.75 1.00 
o...._-'------1L------L------'------L..J 
Distance, d (ml 
Figure 3-1: PUMA. Working Specifications 
. .._., 
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WAIST 
(JOINT 1) 
320
·0:2s32 
0.0 
90 
e, 
. -0.2532 z 
0 
I 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
' I 
~. '••• •• • •~I 
.... r ..... 
• 
I 
Oj 
O(' 
' e; For joint i 
dj 
Yo 
• 
0.4 318 
0.0 
82 
-0.1016 
0.4331 
0.0 
83 
0.0 
WRIST 
(JOINT 4) 
200 ° 
SHOULDER 
(JOINT 2) 
250° 
0.4318 
0.0 56 
0.0 
84 
0.0 
Figure 3-2: PUMA Link Coordinate Systems 
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' Next the Newton-Euler algorithm was' carried out manually in symbolic 
form in terms of the joint displacements, velocities and -accelerations ( oi' oi' 0~) 
c·--., 
starting with the forward recursions, proceeding from the stationary base to the 
end effector. The initial conditions for the base motion were; 
w0 = 0.0; v0 = 0.0 
• 
to include the effects of gravity; The backward equations were then carried out 
" .. 
symbolically from the end I effector to the base using the acceleration of a 
/ 
dummy· load at the end effector as a source of external force and ·moment 
(A0i+lfi+l' A0i+Ini+I ) resisting the end effector motion 
A05f5 = mloadA04v4 
A 05n5 = 0.0. 
During the course of the manual derivation cancelation and combining of 
terms were carried out to reduce the number of calculations as much as 
possible. When completed the resulting symbolic equations for the joint torques 
(12), ri were put into matrix forrn and manipulated according to (14) to arrive 
at a form· for the equations of motion, -a set of four, coupled, non-linear second-
order differential equations. 
From (12}, (13) for i = 1,2,3,4 
~ 
... ... .. .. . 
7i = ai16 1 + ai282 + ai303 + ai4 84 - cci + ail5g + b/Ji 
where for j - 1,2,3,4 
cc. 
·J 
are the coriolis and centrifugal force terms. 
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Rearranging into matrix notation; 
.. 
_r 
., 
a , 
all a12 a13 a14 () 1 71 + cc1 - a115g - bl.01 
•• 
a21 a22 a23 a24 () 2 
-
72 + cc2 - a215g - b202 
-
... 
a31 a32 a33 a34 ()3 73 + cc3 - a3 5g - b303 
_, 
•• 
a4I a42 a43 a4 () 4 74 + cc -4 a · g - b 0 5 4 
l -
Ae F (15) 
then by (14) 
•• 
e G F 
· where 
G [ cof (A) JT / det (.I\) 
• 
g23 
·. 
so· 
' 
•• 
() 1 gllfl + g12f2. + g13f3 + g_14f4 (16) 
•• 
() 2 g21fl + g22f2 + g23f3 + g24f4 (17) 
C 
•• 
() 3 g3lfl + g32f2 + g33f3 + ~4f4 (18) 
., 
()4 g4lfl + g42f2 + g43f3 + g44f4 (19) 
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3.3 Puma Control System 
In order to "close the loop" on the simulation some manner of motion 
control system was required in the model. 
PUMA's control system is shown in Fig.3-4. 
1' 
The general structure of the 
The basic components are an 
LSI-11 /02 computer an~ six independent joint controllers. The 11 /02 acts as a 
supervisory computer to provide user interaction and scheduling of tasks between 
the user requests and the joint controllers. It also performs the necessary 
coordinate transformations to convert user specified world coordinates to the 
appropriate joint coordinates and vice versa. At the lowest level it sends 
incremental setpoints to each of the joint controllers every 28 milliseconds. 
Each joint controller provides independent control of one joint ( degree of 
freedom) for the manipulator and consists of a digital servo board, an analog 
servo board and a power amplifier. (Fig.3-5) The digital servo board includes a 
6503 microproce1ssor, _an EPROM and a digital/ analog converter. Its basic 
function is to compute the position error signal from the setpoints received from 
the 11/02 computer and the current position information from the joint axis 
encoder. The. error signal is then processed through· the analog servo board that 
includes a compensator to provide - deriv~tive feedback to dampen the joint 
velocity variable. [12] Each joint controller functions as a proportional-plus-
derivative (PD) controller with two servo loops, represented schematically by the 
transf~r function , diagram in Fig. 3-6 [13]. - The outer loop provides position 
information from the joint axis encoders which is read by the microprocessor 
about every millisecond. The 
. inner loop provides the derivative feedback for 
damping the velocity variable. The feedback gains of both loops are• fixed · to 
provide critical damping at the maximum joint velocity (maximum slew rate) 
I 
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Where for Fig. 3-6, 3-7; 
Va = Armature voltage (V) 
La = Armature inductance {H) 
Ra Armature resistance {11) 
Ka Motor torque constant { oz in/ A) 
' (' 
' 
Kb B~ck emf constant (V sec/rad) / 
J = Effective combined moment of inertia 
e 
for motor and .shaft loading {kg m sec2) 
f == Effective viscous friction coefficient e . 
n = Gear ratio 
()m == Motor shaft displacement (rad) 
00 = Joint displacement (rad) 
KP Position error feedback gain (V /rad) 
Kv Erro~ derivative feedback gain (V sec/rad) 
D Disturbances (gravity lo.ads, centrifugal and coriolis forces). 
If the hardware schematic diagram and transfer function diagram are 
combined into one m.odel 1 of the control system the result is Fig.3-7. While it 
would be highly desirable to implement this model in the simulation, there is 
insufficient information available on the motor parameters, gear ratios and 
ampliner gains. The best that could be done was to reduce the system model 
to a more basic structure using only the information available. The basic result 
is that a proportional-plus-derivative control was added to the algorithm to 
calculate the necessary torques for each joint based on some desired joint 
displacement and the current joint displacement value as follows; (Fig.3-8) 
• 
• • 
r. = K .[O.d-O.], - K .[O.d-0.) (20) 
I :pl I l Vl l l 
I 
whe~e ()id . = 0.0 for velocity damping. 
The values for the constants (K ., pl at somewhat K .) VI were arrived 
. 
arbitrarily. A value was chosen for K . and then an appropriate value for K . pl Vl 
was calculated to provide critical damping based on a model of a simple second-
\ 
or:der linear system. For a simple, second-order closed-loop system with 
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damping and derivative control 
1 
. Kp + KvS .. s(Js+F) 
- 'l .___ _____ ~ 
. 
the equation of motion is; 
.. "-. . . .. 
JO + FO - Ki,(Od - 0) + Kv(Od - 0) 
with the 0 open and closed loop transfer functions; 
K +Ks p V 
G G 
s(Js + F) 
with open loop poles at 0, -F /J and 
From the characteristic equation; 
·, 
K +Ks p V 
s(Js + F) + K + p 
a zero at -K /K . p ' v, 
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Js2 + (F + K )s + K . ~ O V . p . 
the closed loop poles are given by; 
For critical damping; 
4JK 0 p 
and solving for K ; 
V 
K 
V 
Choosing a value for KP for each link, i, · based on the relative magnitude 
of the links moment of inertia, J. the last equation can be used to calculate 
1 
appropriate values of Kv to provide critical damping. For stability we know 
that the closed loop poles must be negative. 
Joint 
1 
2 
3 
4 
J. 
1 
J .0277 
3.3837 
1.1077 
0.014 
F. K . . 
1 pl 
0.1 500 
0.1 750 
0.1 350 
·0.1 30 
8.4 Software Implementation 
K. 
Vl 
45.24 
100.65 
39.28 
1.19 
CLP 
-22.05 
-14.88 
-17. 77 
-46.29 
I 
I 
To solve the differential equations of motion. an existing software routine, 
Differential Systems Simulator, DSS /2 [11] was used to numerically integrate the 
equations of motion from a set of initial conditions. Because the equations were 
I 
symbolically derived no vector or matrix operations were required in the 
programming except for the inversion a.nd solution of the linear algebraic 
equation (15). The use of the DSS/2 package did require that the differential 
equations be written as two first-order equations, as follows; 
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p " 
'i. 
J 
(."·, ,.,. ,-. ',~-.. -{ -·, 
·,, 
) 
.. 
; 
' 
j 
• 
I 
~ 
• (21) Y1 Y2 
• 
gll f 1+g12f2 +g13f3 +g14f4 (22) Y2 
• (23) Y3 - Y4 
.. 
g21 fl +g22f2+g23f3 +g24f4 (24) Y4 
• (25) Y5 y6 
... 
' g3lf 1 +g32f2 +g33f3 +g34f4 (26) y6 
.. 
(27) Y1 Ys 
,. 
g41 f 1 +g42f2 +g43f3 +g44f 4 (28). Ys 
The DSS /2 package was chosen for this initial implementation because of 
the ease and flexibility it provided for programming and debugging. The basic 
structure of the DSS/2 software is shown in Fig.3-9. It consists of a main 
program, transparent to the user and three user written subroutines, INITAL, 
' 
DERY and PRINT. The differential equations were defined in DERY. 
Subroutine INIT AL specified the initial conditions and physical parameter 
variables ( mass, moment of inertia and center of mass). for use in the equation 
definition· in DERY. Subroutine PRINT called for tabulation and plotting 
.. 
functions of the simulation results over specified time intervals. The additional 
flexibility of the DSS/2 package allowed selection of different integration 
algorithms and error criteria for solving the differential equations. The basic 
structure of the simulation software is shown in Fig. 3-10. 
Due to the method used to _perform the integration in the DSS/2 routine 
it was not possible to implement the incremental nature of the PUMA control 
system, specificaJly the 1 millisecond cureht position update and the 28 
millisecond target update. In the simulation the positional errors were updated 
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and the torques calculated based on the integration interval of the DSS/2 
integration routine in use which varied with the calculated truncation error at 
each integration interval according to a preselected integration error criteria. 
3. 5 Testing the Si1nulation 
Once the programming was completed a method of testing the simulation 
was required. A thesis project [6] conducted concurrently with the development 
of this simulation investigated the measurement and recording of tangential and 
normal acceleration experienced at the end effector of the PUMA robot for 
' 
various individual joint·- motions (F:ig.3-11). The acceleration data, obtained 
from accelerometers mounted on the end effector mounting plate, was then 
manipulated and numerica11y integrated to obtain velocity and displacement data 
for the appropriate joint motions. In addition measurements were made of the 
corresponding motor drive signals for each motion to provide a qualitative 
measure of the torque driving functions supplied to the joints.· 
By duplicating the measured motions with the simulation and comparing 
the corresponding joint displacement, velocity, acceleration and torque profiles to 
the measured data a first step in validating the model might. be achieved. In 
addition, a sanity check would be performed by calculating the static torques 
for a stationary robot configuration and comparing them to the simulation 
values. 
1~he joint motions to be simulated are shown in Figs. 3-12, 3-13 and 3-14 . 
In each case the simulation was run over a ten second tirr1c interval using the 
, ... 
final joint position value for each portion 
point (oa) for the torque calculations. 
trajectory planning through incremental 
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simulation structure as explained in Section 3.4. 
For the sanity check the joint 1 motion configuration of joint positions 
(Fig. 3-12) was selected and used as a set of initial conditions for a simulation 
run with the torques set to counteract only the effects of gravity, ri = ai1 5g, 
using zero initial velocities and accelerations for all joints. 
thus • remain motionless throughout the simulation run. 
The robot would 
The ~erresponding 
torque values would be compared to the results of manual calculations for a 
.. 
static analysis of the robot for this configuration. 
e 1 ~ o .o e 1 :: 1. s 7 o 7 
82 =-0.4363 
e 3 = o.a 725 
94 =-0.4363 
Figure 3-12: Joint I motion 
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Figure 3-14: 
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Joint 2 motion 
Joint 3 n1otion 
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Chapter 4 
RESULTS AND DISCUSSION 
' 4.1 Results 
The results of the joint motion simulations are shown in the odd 
... (I. 
numbered figures . Except where indicated all displacements, velocities and 
accelerations are in radians, radians/sec. and radians/sec. 2. Each figure shows a 
. ". plot ofthe calculated joint variable. data (Oi, Oi' OJ, a plot of the corresponding 
torque input ( rJ and a plot of the normal and tangential accelerations 
developed at the end effector. The corresponding results for the actual 
measured motion ·data are shown in the even numbered figures. 
4. 2 Discussion 
The simulated motion for joint 1 as shown in Fig. 4-1 is basically 
identical to the derived data from the measured motion shown in Fig. 4-2. In 
both cases the manipulator accelerates to a constant velocity ( the maximum 
slew rate) and then decelerates to a stop as it reaches its final position, with 
the exception of a s:mall amount of over-shoot (-3%) in the simulated motion . 
. 
This is probably due to the simplifying assumptions used to determine the 
control • gain for the derivative feedback 
i' 
control, ~ mainly • • 1gnor1ng the 
contributions of the motor, gears and other links to the effective inertia of the 
system. The simulation as a result is slightly underdamped with respect to 
joint 1. The measured data s'hows additional peaks or shock disturbances [6] 
which do not occur in the simulated motion data. These n1ay have been caused 
by some inherent jerkiness in the motion of the PUMA. The motor voltage 
signals and simulation torque profiles are also reasonably well matched 
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• 
indicating that the control algorithms in both cases were responding similarly. 
The simulated data for the response of joints 2 (Fig. 4-3) and 3 (Fig. 4-5) 
to the motion of joint 1 show that both joints hold their positions reasonably 
well over the run, exhibiting only a slight positive displacement which for these 
joints indicateS · a slight drooping of the links. . In both cases the initial spike 
. . " .. '":~· 
" 
near time zero is probably the reaction caused by the initial adju~tment to the 
force of gravity on the links. The corresponding motor voltage signals (Figs. 
4-4, 4-6) and simulate? torque profiles for joints 2 (Fig. 4-3) and 3 (Fig. 4-5) 
• 
do not present an obvious match, however they do show a definite co1npensating 
reaction to the motion of joint 1. The negative average value of the torques 
~ over the run time indicates the compensation for gravity required to qold the·· 
link up, while the undulations probably indicate adjustments to compensate for 
centrifugal forces trying to straighten the arm out from its bent configuration. 
Comparing the simulated end effector tangential and normal acceJeration 
data (Fig.4-7) to the corresponding measu,ed data (Fig. 4-8) shows that the 
... 
profiles of the tangential data agree fairly well except for a sign difference. 
This is probably due to a difference in sign convention between the simulation 
calculations and the accelerometer reference. For the normal acceleration the 
simulated data appears to be physically realistic occuring as positive constant 
values during the periods of constant velocity motion. The measured data on 
the other hand does not seem well defined with respect to the actual motion, 
exhibiting both positive and negative values. 
For the joint 2 simulated motion data sho\vn in Fig. 4-:-9, a· complete 
comparison cannot be made as the derived measured motion data, Fig. 4-10, 
was available for only half of the robot's motion. The first h.alf of the motion 
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for both cas~s are similar and represel)ta,ive of the motion dynamics. However 
the corresponding motor voltage and torque profiles do not agree, which excep
t 
for the basic shape, are opposite to each other. The reason· for this is no
t 
obvious. The joint 2 simulated data also shows a slight amount of over-shoot 
(-1 %) probably for similar reasons as joint 1, which could probably be 
eliminated through control gain adjustments. 
The corresponding responses of joints 1 (Fig. 4-11) and 3 (Fig. 4-13) also 
show some reaction to the motion of joint 2. The reaction of joint 1, whose 
motion is at right angles to joint 2 is most likely caused by the torque effects 
of centrifugal forces generated from the motion of joint 2. The reaction of joint 
3 on the other· hand is probably a combination of reactions to centrifugal force
s 
and the variation of the reaction torques due to the gravity force on· link 3 a
s 
it moves with link 2. The motor signal (Figs. 4-12, 4-14) and torque profiles 
again do not bear any obvious resemblance except for joint 1. 
Considering the simulated tangential and normal acceleration data (Fig. 
4-15) for the end effector, the normal data appears to be physically 
representative of the motion but the tangential data at first appears to lack th
e 
corresponding that __ are indicated measu
red • In the deceleration reactions 
tangential data shown as peaks 2 and 4 of Fig. 4-16. Considering the scale 
of 
the simulated plots the missing data is possibly indicated by the small peaks a
t 
the appropriate locations. The measured normal acceleration data does sho
w 
some correlation with the simulated data except for the additional peaks whic
h 
again may ·indicate some jerkiness in the actual robot motion. 
F'or the motion of joint 3 the plots of the simulated motion (Fig. 4-17) 
and the measured motion (Fig. 4-18) agree fairly well, with the simulated _ 
• 
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motion data showing almost negligible over:.shoot. The motor signal voltage 
and torque profiles are also in similar agreement. 
The simulated response of joint 1 (Fig. 4-19) to the motion of joint 3 is 
probably the result of similar effects as described for· joint 2. The corresponding 
torque and motor signal data (Fig. 4-20) appear to agree fairly well. The 
response of joint 2 (Fig. 4-2 l) also indicates a similar reaction to the joint 3 
motion as the joint 3 reaction to the motion of joint 2, probably for the same 
' 
reasons. The corresponding torque and motor signal data (Fig. 4-22) while 
simi]ar in some respects do not agree as wel1. 
The tangential acceleration data for the simulated (Fig. 4-23) a-nd 
measured (Fig. 4-24) motions are both representative of the physical reality of 
the motion and agree reasonably well with each other. The simulated normal 
acceleration data also seems to be an accurate representation of the reality of 
the motion while the measured data is again somewhat suspect. 
The calculated static torques for the sanity check simulation run matched 
the static analysis values exactly showing that the basic calculations performed 
by the software were essentially correct. The resulting static torques were as 
follows; 
r2 -61.6 N-m 
r3 -14.385 N-m 
r 4 - 0.5434 N-m 
assurT1ing a load mass of 0. 78 kg .. 
It should be noted that the angu]ar acceleration data on the simulated 
motion plots is attenuated by a factor of ten to allow it to be plotted with the 
corresponding angular ve]ocity and displacernent data. The angular acceleration " 
)I 
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data for the measured rr1otion was similarly scaled down by a ~actor of five. 
Also note that while the simulated tangential and normal acceleration data is in 
units of m/sec2 the measured motion data is in g-factors. 
.. 
It was originally hoped that the acquisition of the motor signal data for 
,,. 
~nown joint motions could be used to develop a simple model of the joi.nt 
' ~ .. , 
!'·~,· 
actuators, however the lack of available information about the specific motor 
parameters and gear ratios prevented this. 
.,,. 
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.Chapter 5 
CONCLUSIONS 
(:o • 
5.1 Sum~ry and Conclusions 
~...;, : 
The motivation behind this project was the need to develop an adequate 
' ' 
~ 
simulation of the dynamics of an industrial robot arm for the
 purpose of 
development and a:naly.sis · of control techniques for robot manipul
ators. With 
this goal in mind an appropriate dynamics formulation was selected
 based on its 
capabilities for real .. time control and simulation applications as 
well as the 
universality of the algorithm and the ease of implementation in
 · a software 
environment. From this formulation· the differential equations of 
motion were 
obtained for a particular industrial manipulator. By solving these
 equations 
using a standard numerical technique a set of simulated motio
n data was 
generated for • various individual joint motions. The data was compared to 
actual and derived motion data collected from previous motion s
tudies of the 
actual manipulator. It was determined that the simulate
d data agreed 
reasonably well with the corresponding measured motions and gave
 an adequate 
' 
representation of some of the physical phenomena associated with 
the dynamics 
of manipulator motion. 
5. 2 Suggestions for Further Study 
There are several aspects "of this simulation that· could be improve
d upon 
,_ 
with further work. The lack of adequate inforrnation on
 the specific 
characteristics of the PUMA system and the inclusion of approxim
ation~ in the 
simulation may have reduced the accuracy of the simulation with r
espect to the 
specific behavior of the PUMA itself. Particular areas that re
quire further 
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study are; 
' 
-accurate measuremeQts of the physical 
parameters of the robots links such as ' 
center of mass locations and moments of 
• • inertia 
-modeling of the. actuator system including 
motor characteristics ( torque constant, 
back emf effects, friction and 
saturation} and gear ratios, friction 
and backlash 
-modeling of control system specifications 
particularly the system gains as well as 
the inclusion of trajectory planning 
functions and set point J;terpolation. 
• 
In addition the simulation could be rewritten to apply the algorithm 
generically to any configuration of manipulator. This could be achieved through 
the use of symbolic manipulation software to eliminate the burden of manual 
derivation of the equations of motion. On a larger scale the simulation could 
be rnade more user friendly to be used as a tool for studying 
• generic 
manipulator control techniques, evaluation of rr1anipulator structures and studies 
of systems of manipulators. 
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